The biogenesis of transport vesicles requires a series of membrane remodeling events that typically involve cytoplasmic proteins that peripherally associate with lipid bilayers. Additionally, changes in membrane composition also play critical roles in this process, stabilizing energetically unfavorable intermediates necessary to form a budded structure. In particular, endosomal compartments undergo a wide variety of remodeling events. Membrane tubulation at endosomes, mediated by BAR domain proteins and members of the EHD family of ATPases, has been shown to promote endocytic recycling to the cell surface. [1] [2] [3] [4] In contrast, components of the ESCRT (Endosomal Sorting Complex Required for Transport) machinery have been implicated in the formation of intralumenal vesicles (ILVs), which exhibit negative membrane curvature and bud away from the cytoplasm toward the endosome interior. [5] [6] [7] In topologically similar processes, the ESCRT machinery also participates in membrane abscission during cytokinesis and the formation of retroviral particles that bud from the cell surface during infection. [8] [9] [10] [11] Furthermore, specific components of the ESCRT machinery function to select cargo *Correspondence to: Anjon Audhya; Email: audhya@wisc.edu Submitted: 09/22/11; Accepted: 09/23/11 DOI: 10.4161/cib.5. 1.18208 Vesicle-mediated cargo transport within the endomembrane system requires precise coordination between adaptor molecules, which recognize sorting signals on substrates, and factors that promote changes in membrane architecture. At endosomal compartments, a set of protein complexes collectively known as the ESCRT machinery sequesters transmembrane cargoes that harbor a ubiquitin modification and packages them into vesicles that bud into the endosome lumen. Several models have been postulated to describe this process. However, consensus in the field remains elusive. Here, we discuss recent findings regarding the structure and function of the ESCRT machinery, highlighting specific roles for ESCRT-0 and ESCRT-III in regulating cargo selection and vesicle formation.
molecules for deposition into ILVs, thereby coupling protein sorting with vesicle formation at endosomes. In this review, we focus on recent advances that highlight how the ESCRT machinery assembles on the endosomal membrane and discuss mechanisms by which it may function to spatially and temporally regulate the biogenesis of ILVs that specifically sequester ubiquitinylated cargos. For a more in depth examination of the individual ESCRT complexes, we refer the reader to more comprehensive reviews.
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Membrane Targeting and Assembly of the ESCRT Machinery
The ESCRT machinery is composed of five multi-subunit complexes (ESCRT-0, ESCRT-I, ESCRT-II, ESCRT-III, and the Vps4-Vta1 complex) that each exhibits unique membrane binding properties. ESCRT-0 is composed of two subunits (Hrs and STAM1/2) and associates constitutively with endosomes through a combination of electrostatic, hydrophobic and lipid-specific interactions. In particular, the Hrs FYVE domain binds to the headgroup of endosomally enriched phosphatidylinositol 3-phosphate (PI3P), while simultaneously penetrating the lipid bilayer to achieve a high affinity membrane association (~10 -8 M). 17, 18 Crystal structures of two FYVE domains derived from yeast and metazoan Hrs isoforms have been solved. Although their overall architectures are similar, the metazoan FYVE domain forms a dimer while the yeast homolog is monomeric. 19, 20 These data initially raised the possibility that metazoan ESCRT-0 harbors multiple copies of Hrs. Consistent with this idea, Hrs purified in the absence of STAM assembles as a cylindrical hexamer when overexpressed in insect cells. 21 Based on a three-dimensional cryo-electron microscopy structure, the central core of hexameric Hrs consists of six anti-parallel coiled-coil domains. In contrast, hydrodynamic studies examining native human Hrs have failed to identify such a oligomer. In vivo, Hrs appears to be constitutively bound to STAM, and loss of STAM dramatically impairs the stability of Hrs. 22, 23 By co-purifying recombinant forms of both proteins, multiple groups have now reconstituted intact ESCRT-0 in vitro, demonstrating that Hrs and STAM co-exist as a 1:1 heterodimer in solution. 22, 23 However, in the presence postulated. [45] [46] [47] First, ESCRT-I and ESCRT-II may generate a scaffold with intrinsic curvature that forces the lipid bilayer to bend. In this case, the energy of the protein-membrane association must exceed the membrane bending energy. Although cosedimentation assays indicate that yeast ESCRT-II can recruit ESCRT-I onto liposomes in vitro, the affinity of ESCRT-II for membranes is not significantly increased by ESCRT-I, arguing against a model in which these ESCRT complexes co-assemble to form a scaffold that alters membrane curvature. 36 However, a structure of ESCRT-I bound to ESCRT-II will be necessary to ultimately resolve whether they can adopt a configuration capable of membrane bending.
A second possibility is that components of the ESCRT machinery alter the lipid composition within subdomains of the endosomal membrane to promote bending. With the exception of the Vps4-Vta1 complex, all ESCRT complexes directly associate with acidic phospholipids such as phosphatidylserine (PS). Since PS exhibits a positive spontaneous curvature, its aggregation in a single monolayer would generate a local asymmetry in the membrane and potentially reduce the energy requirement for invagination. 48 Although it is improbable that lipid demixing alone would be sufficient to induce significant membrane curvature, it may play an important role in concert with other mechanisms to enable ESCRT-mediated vesicle biogenesis.
Third, amphipathic regions of ESCRT-I and/or ESCRT-II may be exposed upon their co-assembly on membranes, resulting in membrane penetration. Insertion of an amphiphatic helix into the bilayer would perturb lipid packing and cause membrane deformation. However, regions of ESCRT-I and ESCRT-II capable of membrane insertion have yet to be defined. Alternatively, the interpretation of membrane deformations observed following ESCRT-I and ESCRT-II incubation with GUVs might require revision. High-speed confocal imaging of GUVs indicates that they undergo spontaneous and highly dynamic membrane bending events, most of which are unstable and relax shortly after formation. [49] [50] [51] The addition of membrane binding proteins, such as a complex of ESCRT-I and ESCRT-II, may stabilize some of these deformations to create structures resembling budded vesicles. This interpretation would help to explain how high concentrations of ESCRT-III components alone are sufficient to promote vesicle formation and budding from GUVs. 49 It will be important to develop methods to distinguish this possibility from a direct role of ESCRT-I and ESCRT-II in membrane bending.
Distinct from the other ESCRT complexes, subunits of ESCRT-III are believed to exist in an autoinhibited state in solution and only assemble into an oligomeric complex when recruited onto membranes and activated by other ESCRT components. 52, 53 The major function of ESCRT-III is to act as the scission machinery necessary for vesicle release into the endosome lumen and daughter cell separation following cytokinesis. 11, 16, 49, 54 During MVE biogenesis, ESCRT-II initially binds to the ESCRT-III subunit Vps20, creating a curvature sensitive complex that exhibits intrinsic curvature. Importantly, the membrane binding energy of the complex was shown to vary with membrane curvature, indicating that ESCRT-II/Vps20 can associate more tightly with a lipid bilayer as it becomes increasingly bent. 51 of physiological or synthetic membranes, ESCRT-0 self-associates to form 2:2 heterotetramers. 23 Although it remains unclear whether dimerization of the Hrs FYVE domain may mediate formation of the heterotetramer, the association between Hrs and STAM has been demonstrated to involve two domain-swapped GAT domains as well as the coiled-coil motifs in each protein. 22 Thus, in the presence of STAM, the formation of Hrs hexamers is highly improbable. Instead, ESCRT-0 likely assembles as heterotetramers on endosomal membranes in vivo.
ESCRT-I is composed of four subunits (Tsg101, Vps28, Vps37A/B/C/D and Mvb12A/B/UBAP1), which associate as a 1:1:1:1 heterotetramer in solution that interacts weakly with acidic phospholipids in vitro. [24] [25] [26] [27] Consistent with its poor affinity for membranes, the majority of ESCRT-I is distributed throughout the cytoplasm and is only recruited to lipid bilayers through additional protein-protein interactions. 28 For example, at the endosome, ESCRT-0 (via PTAP-like motifs in Hrs) binds to ESCRT-I (via the Tsg101 UEV domain), to promote the formation of intralumenal vesicles. Similarly, an interaction between Tsg101 and Cep55 is necessary to place ESCRT-I at the intracellular bridge during late stages of cytokinesis. 9, 29, 30 Notably, as homologs of Hrs and Cep55 are absent in many species that exhibit ESCRT-I function during multivesicular endosome (MVE) biogenesis and abscission, additional regulators of ESCRT-I membrane association likely exist. 31 ESCRT-II is also a heterotetramer and is composed of three subunits (Vps22, Vps25 and Vps36) in a 1:2:1 configuration. 32, 33 Unlike ESCRT-I, the ESCRT-II complex binds well to acidic phospholipids including PI3P, which are abundant in endosomal membranes. [33] [34] [35] [36] Nonetheless, endogenous ESCRT-II is found mostly in the cytoplasm and only undergoes transient recruitment to membranes. [37] [38] [39] Studies using the yeast isoforms of ESCRT-I and ESCRT-II indicate they interact directly in vitro (through an association between the Vps28 carboxyl-terminus and the Vps36 NZF motif) with nanomolar affinity (10 -8 M), which may play a key role in ESCRT-II recruitment to endosomes in cells. 36, 40, 41 However, an interaction between native ESCRT-I and ESCRT-II is not detectable in cytosolic yeast extracts, indicating that the association is under tight regulation in vivo. In higher eukaryotes, the NZF motif within yeast Vps36 is absent. Instead, a region immediately downstream of the human Vps36 GLUE domain has been shown to be important, though not sufficient, for ESCRT-I binding in vitro. 33 Thus, multiple new binding surfaces between metazoan ESCRT-I and ESCRT-II have likely evolved, but await rigorous characterization.
In vitro, a mixture of recombinant yeast ESCRT-I and ESCRT-II is sufficient to bind and deform giant unilamellar vesicles (GUVs) to create stable, inward budded structures. 42 These data suggest that ESCRT-I and ESCRT-II are key components of the ESCRT machinery that direct membrane bending. Consistent with this finding, mutations in Drosophila ESCRT-I or ESCRT-II essentially block ILV formation, while mutants lacking Hrs or ESCRT-III subunits remain capable of MVE biogenesis, though the process is significantly curtailed. 43, 44 Three biologically relevant mechanisms by which the ESCRT complexes may induce membrane curvature have been ©2 0 1 1 L a n d e s B i o s c i e n c e .
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using yeast proteins indicate that Vps4 oligomerizes to form two stacked hexameric rings. 64 Current models propose that ESCRT-III subunits may be inserted through the central pore of the rings in an ATP-dependent fashion, resulting in their unfolding and release from the membrane. 61 The presence of Vta1 stabilizes the Vps4 dodecamer and can stimulate its ATPase activity. 65, 66 Additionally, ESCRT-III subunits have also been shown to modulate Vps4-mediated ATP hydrolysis in vitro. 66, 67 Although the yeast Vps4-Vta1 complex has been extensively characterized, relatively little is known about its metazoan counterparts, mainly due to difficulties in their isolation and the absence of facile functional assays.
Cargo Sorting and Deposition into Intralumenal Vesicles
Modification of integral membrane proteins by ubiquitin is a key step in their sorting and transport to the lysosome lumen for degradation. Ubiquitin conjugation can occur at the cell surface, which acts as a signal for endocytosis. 6, 68, 69 A number of distinct endocytic adaptor proteins, including Eps15 and epsin, harbor ubiquitin interacting motifs (UIMs) that may engage cargo at this early stage of internalization. [70] [71] [72] At the early endosome, ESCRT-0 functions in cargo recognition, as both of its subunits exhibit ubiquitin-binding properties. 73 ESCRT-0 also recruits flat clathrin lattices onto endosomes, generating discrete subdomains, which ultimately recruit other components of the ESCRT machinery that promote membrane curvature and scission. 7, 74, 75 These data suggest that ESCRT-0 marks the region of the endosomal membrane that will be internalized. Consistent with this idea, ESCRT-0 was shown to generate large domains (>1 μm) on GUVs with a surface area similar to that of internalized vesicles that formed following the addition of other ESCRT complexes. 42 Although the dimensions of the ESCRT-0 footprint were far from physiological in the GUV-based assay, it is worth examining a model in which the ESCRT complexes define the size of lumenal vesicles in vivo.
Based on hydrodynamic studies and analysis by atomic force microscopy, metazoan ESCRT-0 assembles as a heterotetramer on membranes with a diameter of ~29 nm. 23 ESCRT-I binds to ESCRT-0 through an association between PXXP motifs in Hrs and the Tsg101 UEV domain. 29, 30 Although the stoichiometry of this interaction remains unknown, the presence of two Hrs molecules in ESCRT-0 predicts the recruitment of at least two ESCRT-I complexes. The structure of metazoan ESCRT-I has not been solved, but the related yeast complex exhibits an elongated shape similar to ESCRT-0, with a length of ~25 nm in solution. 26 Potential changes in ESCRT-I conformation following its recruitment onto membranes by ESCRT-0 await characterization. Each ESCRT-I complex recruits an ESCRT-II heterotetramer, which exhibits a compact structure in solution, but may undergo remodeling upon membrane binding. Using atomic force microscopy, an individual metazoan ESCRT-II complex was found to possess an average diameter of ~26 nm. 51 Thus, each early-acting ESCRT complex exhibits a similar overall size and would generate a combined footprint between 80-130 nm These findings support a model in which Vps20 promotes the localization of ESCRT-II specifically to regions of elevated membrane curvature such as the neck of a budding vesicle. Consistent with this idea, the addition of Vps20 to GUVs coated with ESCRT-I and ESCRT-II dramatically enhances the localization of the ESCRT complexes to membrane bud necks. 42 By sensing membrane curvature, the ESCRT-II:Vps20 complex restricts ESCRT-III polymerization to highly curved membranes, thereby spatially regulating ESCRT-III scission activity.
Recombinant Vps20 binds membranes weakly, likely via electrostatic interactions with acidic phospholipids. In vivo, Vps20 is myristoylated, which enhances its ability to associate with endosomal membranes. Nonetheless, based on cell fractionation studies using yeast extracts, the majority of native Vps20 is cytosolic, similar to other ESCRT-III subunits. 52 In contrast, polymerized ESCRT-III filaments bind tightly to membranes and require energy in the form of ATP hydrolysis for dissociation and disassembly.
14,51,52,55,56 Although the precise composition of native ESCRT-III filaments remains unknown and may be highly heterogeneous, several ESCRT-III subunits (Vps32, Vps24 and Vps2) exhibit the ability to homo-or hetero-polymerize. 51, [56] [57] [58] However, the variety of analyzed filaments all show significant differences in their sizes and characteristics. For example, human Vps32 has been shown to assemble into ~5 nm filaments that self-associate to form circular arrays and are capable of deforming the plasma membrane in cultured cells. 57 In contrast, a mixture of human Vps24 and Vps2 isoforms, lacking their inhibitory carboxyl-termini, form helical tubules in vitro with a diameter of ~40 nm. 56 Importantly, in neither case is filament formation initiated by other components of the ESCRT machinery, raising concerns regarding their physiological relevance. Recently, filaments of recombinant Vps32 nucleated by ESCRT-II and Vps20 were imaged by atomic force microscopy on supported lipid bilayers. These polymers exhibited an average diameter of 13.4 nm, similar to endogenous ESCRT-III filaments visualized within the intercellular bridge of dividing human cells (~17 nm) by electron tomography. 11, 51 Moreover, the Vps32 filaments bound specifically to highly curved membranes and promoted membrane remodeling in a manner akin to membrane fission. Consistent with these findings, release of membrane buds on GUVs exhibited a strong dependence on Vps32, and yeast Vps32 has been shown to be the most abundant ESCRT-III component that functions during MVE biogenesis. 42, 59 These data collectively argue that Vps32 polymerization, triggered by ESCRT-II and Vps20 at MVEs, plays a significant role in the scission of ILVs. Based on depletion studies showing that ESCRT-II is not required for cytokinesis or retroviral budding, alternative mechanisms to promote Vps32 filament assembly must exist and may involve the ESCRT-related protein Alix, which can bind directly to Vps32. 3, 38, 60 ESCRT-III disassembly and membrane dissociation require the input of free energy in the form of ATP hydrolysis, a process mediated by the Vps4 ATPase and its cofactor Vta1, which co-assemble and bind to ESCRT-III filaments present on membranes. 56, 58, [61] [62] [63] Although the precise mechanism by which Vps4 functions in ESCRT-III disassembly remains unknown, studies
©2 0 1 1 L a n d e s B i o s c i e n c e . D o n o t d i s t r i b u t e .
www.landesbioscience.com Communicative & Integrative Biologythe membrane flattens out following vesicle scission, the ESCRT-II:Vps20 complex may be released. In the absence of other ESCRT machinery, the weak affinity of ESCRT-I for membranes would be insufficient to maintain its localization, resulting in its loss from the endosome surface (Fig. 1) .
Conclusions and Perspectives
Although initially recognized for its roles in endosomal protein sorting, the ESCRT machinery has proven to exhibit diverse functions in several topologically similar membrane remodeling events. 83 In most cases, ESCRT-III orthologs play a critical role in membrane fission or fusion, while other components of the ESCRT machinery act as regulatory molecules that target ESCRT-III activity to different cellular locations. For example, during the formation of lumenal vesicles within endosomes, ESCRT-0 initially directs the assembly of other ESCRT components. 84 In a similar fashion, Cep55 targets the ESCRT machinery to the intracellular bridge during the final stages of cell division. 9 However, unlike Cep55, ESCRT-0 also harbors a number of ubiquitin binding sites, which can engage ubiquitinmodified cargoes in the endocytic pathway and sequester them for deposition into lumenal vesicles. 73 Interestingly, the components of ESCRT-0 are found in relatively few eukaryotic species, suggesting that other ubiquitin-binding proteins participate in ESCRT-mediated cargo sorting. Consistent with this idea, orthologs of the ubiquitin-interacting protein Tom1 have been shown to interact with clathrin and Tsg101 and may participate in lysosomal protein transport in several systems. [85] [86] [87] However, a major difference between Tom1 and ESCRT-0 is the number of ubiquitin binding domains present. When assembled on the endosomal membrane, ESCRT-0 can associate with at least eight individual ubiquitin molecules simultaneously, far more than Tom1 (which has one), even when it forms a complex with other ubiquitin-binding proteins such as Tollip. 23, 87, 88 Thus, unlike Tom1, ESCRT-0 exhibits the unique ability to cluster cargoes, a function that may have arisen in fungi and metazoans to enable the in diameter, depending on their arrangement on the membrane, corresponding to a surface area of ~104 nm 2 . A spherical vesicle derived from such a surface would exhibit a diameter of 40-65 nm, which corresponds well to the size range of metazoan lumenal vesicles within endosomes. 76 Efficient scission of the membrane is also likely to play an important role in determining ILV size, as defects in ESCRT-III function have been linked to the formation of vesicles with abnormal morphologies. 77, 78 Although the ESCRT complexes likely define the membrane area that will be internalized, they are typically not consumed during the reaction. How ESCRT-0 is released from the invaginating membrane is unclear. One possibility is that the interaction with ESCRT-I causes a conformational change in ESCRT-0, resulting in its redistribution away from the site. Consistent with this idea, ESCRT-0 and ESCRT-I only transiently co-localize on endosomal membranes in vivo. 30 Importantly, the weak affinity between ESCRT-0 and ubiquitin allows for ESCRT-0 to be released from the membrane without affecting the distribution of its sequestered transmembrane cargoes. Moreover, lateral diffusion of cargoes would be restricted by ESCRT-I and incoming ESCRT-II, which both harbor ubiquitin-binding domains that are important for cargo sorting. 27, [79] [80] [81] [82] Importantly, this model does not depend on the directed transfer of cargoes between ESCRT complexes, which does not appear to be thermodynamically favorable. Instead, ESCRT-0 functions as the critical cargo recognition and clustering complex, while ESCRT-I and ESCRT-II block cargo dispersion until ESCRT-III is assembled. Ultimately, the formation of an ESCRT-III polymer further restricts cargo within the forming ILV (Fig. 1) .
Mechanisms underlying the release of ESCRT-I and ESCRT-II from the endosomal membrane have yet to be determined. Unlike ESCRT-0, the other ESCRT complexes co-localize with late endosomal markers, suggesting they function together during the final stages of lumenal vesicle biogenesis. 30 However, Vps4 appears only to regulate the disassembly of ESCRT-III. 78 Recent work has shown that the affinity of ESCRT-II for flat lipid bilayers decreases upon binding to Vps20. 51 Therefore, when Step 2: The ESCRT-0 complex is released from the membrane, potentially due to conformational changes following ESCRT-I binding, and both ESCRT-I and ESCRT-II prevent the lateral diffusion of cargoes. Additionally, ESCRT-I and ESCRT-II may initiate membrane bending.
Step 3: ESCRT-II nucleates filaments of ESCRT-III that associate tightly with membrane. In particular, the association of ESCRT-II with Vps20 generates a curvature-sensitive complex that may further bend the membrane to generate a highly curved vesicle bud neck. Polymerized ESCRT-III filaments ultimately drive the vesicle scission process through additional membrane remodeling events, which may include lipid demixing.
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evidence for such a disassembly pathway is lacking, and it remains unclear whether Vps4 could selectively associate with a specific region of the ESCRT-III complex, as multiple subunits harbor Vps4 interacting motifs. Moreover, ESCRT-mediated vesicle budding does not require Vps4 activity in vitro. Several other models exist to describe how a nucleotide-independent membrane scission event may proceed. One is based on the in vitro analysis of helical filaments composed of Vps24 and Vps2, which terminate in a dome-like structure. 56, 91 Interactions between the surface of the dome and membrane could draw opposing lipid bilayers together to promote scission. This model relies on the formation of ESCRT-III filaments that self-associate, similar to a circular array of Vps32, but significantly more compacted. Interestingly, recent evidence suggests that human Vps2 can form helical tubes capable of deforming the plasma membrane. 92 However, their assembly requires the overexpression of Vps2, which may promote the formation of structures with limited physiological relevance. An alternative model that we favor posits that individual ESCRT-III filaments are sufficient to promote membrane scission. This idea is supported by work showing that ESCRT-III filaments nucleated by ESCRT-II do not self-associate, but instead bind specifically to highly curved regions of lipid bilayers. 51 The data suggest that ESCRT-III assembly in vivo is restricted to membranes of elevated curvature such as those present at the neck of a budding vesicle. If the binding energy of ESCRT-III for the membrane is sufficient to exceed the energy barrier to scission, membrane fusion and vesicle release would likely occur. Strikingly, the association of individual ESCRT-III filaments with the edges of supported lipid bilayers was sufficient to promote their mobility, potentially in a manner akin to scission. Ultimately, electron microscopy-based approaches will need to be employed to measure the thickness of ESCRT-III filaments that assemble during lumenal vesicle biogenesis in vivo. These data will likely resolve whether selfinteracting helices or individual filaments of ESCRT-III form to promote membrane scission.
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Likely the most ancient function of the ESCRT machinery lies in its ability to promote membrane scission. 89 The mechanisms underlying this process are far from clear, but several studies highlight the importance of ESCRT-III polymerization in promoting homotypic membrane fusion. 11, 51, 56, 58 Other work further suggests that ESCRT-III may also regulate the membrane bending process. 57, 77 A striking example of this was observed following the overexpression of Vps32 in human cells. Initially, polymers of the ESCRT-III subunit assembled into self-associating circular arrays on the plasma membrane, which could generate curvature following co-expression of dominant negative Vps4. 57 It remains unclear whether similar flat spirals of ESCRT-III actually form under normal conditions. For example, electron tomographic reconstructions of endogenous ESCRT-III polymers suggest they do not self-associate along their entire length. 11 Additionally, ESCRT-III filaments that form following Vps32 overexpression exhibit a diameter dramatically smaller than that observed during cytokinesis in control cells, raising further concerns regarding the physiological relevance of the flat spirals. Instead, ESCRT-I and ESCRT-II, potentially in concert with Vps20, are more likely candidates for generating membrane curvature prior to ESCRT-III mediated scission, although mechanistic details for this process remain to be solved.
Unlike other budding events such as dynamin-mediated endocytosis from the plasma membrane and COPII vesicle biogenesis at endoplasmic reticulum exit sites, nucleotide hydrolysis is not absolutely necessary for ESCRT-III dependent scission. 42, 90 Instead, Vps4-mediated ATP turnover likely plays a critical role in the removal and recycling of ESCRT-III subunits from the membrane, subsequent to their function. However, one model postulates that Vps4 activity may actually promote scission through its role in ESCRT-III disassembly. In this model, circular filaments of ESCRT-III steadily depolymerize and decrease in radius, exerting force on the underlying membrane to promote fusion. 77 The generation of force would require one end of the ESCRT-III filament to be anchored to the constricting lipid bilayer, while the other is free to interact with Vps4 and depolymerize. Supporting
